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Preface

The Twelfth American Peptide Symposium was held on the campus of the
Massachusetts Institute of Technology in historic Cambridge on June 16-21,
1991. This Symposium is the first to be held under the auspices of the American
Peptide Society, Inc., which was founded in April 1990. More than 1300
participants from around the world attended the diverse scientific program
comprised of plenary lectures, poster presentations and exhibits. In addition
to enthusiastic participation by researchers who routinely attend American
Peptide Symposia, it was gratifying to see how many scientists joined us for
the first time. Peptide chemistry and biology are clearly thriving, yet remain
as undiminrished challenges. Of the 65 plenary lectures and 584 poster displays,
the Program Committee selected 363 articles for publication. All these manuscripts
were selected on the basis of originality, timeliness, and scientific significance.

As with past symposia, the Twelfth Symposium attracted a diverse group
of peptide chemists and biologists. What a pleasure to see the convergence of
scientists who synthesize peptides. elucidate structural aspects, and fathom the
biochemical, pharmacological and physiological aspects of the peptide truss of
the peptide-protein bridge. The assembled scieatific expertise provided an
electrifying atmosphere for discussion and information exchange.

From the first and second sessions on peptide hormones and neuropeptides,
one can gain an appreciation of the role to be fulfilled by peptide hormone
analogs in medicine. There does not seem to be a single bioactive peptide family
for which a therapeutic role is not envisioned at this time. Most interesting
is the fact that short analogs as well as cyclic analogs, with structures that are
often quite dissimilar from that of the parent native hormone, are being considered
as potential drugs. Increased potency and duration of action generally result
from these structural modifications.

In the third session, emphasis is put on one’s recognition of the ever-growing
role of lipid membranes in modulating biological expression. As mentioned earlier.
refinement of one’s understanding of the bioactive conformation of a peptide
is paramount for allowing rational design. Only sophisticated techniques such
as NMR in different solvent systems, coupled to molecular modeling in different
environments, and X-ray crystallography will yield the information needed to
gain an appreciation of the bioactive conformation of a peptide. These issues
are thoroughly addressed, resulting in considerable breakthroughs.

One’s imagination finds no boundary in session V, where model proteins based
on structural considerations alone are found to exhibit desired biological activities.

In session VI on SAR, one breathes optimism as a tremendous amount of
synthetic data conveys the message that peptide synthesis is no longer the hurdle
it used to be, and that optimization of structure and composition still leaves
room for creative thinking and synthetic ingenuity.
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Session VII on synthetic methods is prolific suggesting that the field is more
healthy than ever and that significant contributions can still be made in a discipline
long regarded as of little interest by organic chemists. Isn’t it interesting that
peptide mixtures long considered as a curse when generated chemically are now
synthesized de novo on beads, or on phages, and are called libraries with multiple
uses.

For the first time, more than lip service was given to large scale synthesis
of peptides. What is most rewarding is to realize that there seems to be no
technical limit to one’s ability to scale up solid phase svnthesis or RPHPLC
for that matter. Several examples are given of relatively small as well as large
peptides synthesized and purified in this manner.

Session 1X on viruses and vaccines demonstrates the increasing reliance that
immunologists and virologists place on peptides as reagents. Mapping T- and
B-cell antigenic sites with peptides ‘s now de rigueur for vaccine development.
The strategies of synthesis and inhibition of HIV protease clearly demonstrate
the role of peptide chemistry in the design of future antiviral therapeutic agents.
It is also clear that an expanded use of peptides by biologists will be required
to understand the peptide-nucleic acid interactions that underlie transcriptional
activation.

Sections X and XI show vividly how medicinal chemists are focusing their
art and imagination on the design of conformationally constrained antagonists.
novel biological active mimics, and specific inhibitors of pivotal enzyme systems.

Session XII deals with peptides as signals between the immune and endocrine
systems, the sequence motifs of peptides binding to MHC molecules, peptide
blockade of immune recognition. and novel designs for peptide-based vaccines.

Session XIII on new biologically active peptides clearly demonstrates the power
of peptide chemistry to prepare pure, complex peptides in amounts that allow
detailed biological, pharmacological, and structural studies to be completed.
A host of biomolecules including potent anticoagulants, antimicrobials, inter-
leukins, and fibrinogen receptor antagonists are discussed.

MIT proved to be a fantastic meeting site. We are grateful to Professor Mark
A. Wrighton, Professor of Chemistry and Provost of MIT, whose gracious support
made it possible for a Harvardian to hold a meeting on foreign soil. The facilities
and management by MIT Conference Services were truly outstanding. Even we
were surprised that there were no lines at breakfast on Monday morning! Gayle
M. Fitzgerald. Manager of MIT Conference Services and her wonderful staff
deserve our heartfelt thanks and most sincere gratitude for an incredible job
of triaging and organizing.

Special thanks go to Eric Shulman, Geraldine M. Bovce. Patricia A. Zemaitis.
and Patricia Estey-Wickens for their dedication and patience during the planning
and organization of this meeting. They have contributed immensely to solving
the logistical problems, organizing the daily correspondence, and coordinating
all aspects of the symposium at its various stages. Mrs. Beverly Grodzinski.
Senior Programmer Analyst at Merck & Co., Inc., was crucial for the development
and refinement of the symposium database required to correspond with hundreds
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of people, keep track of adjudicated abstracts. and organize the printed materials
of the symposium. Her skills as a programmer and analyst made it possible
to access abstract records and participant data quickly and to print the symposium
program book in a facile manner. Betsy Chimento. MIT Design Services. did
a wonderful job on designing the logo and contributing her artistic talent to
the preparation of the various symposium announcements and printed materials.
We also wish to thank Dr. Carl Hoeger for his assistance in identifving and
defining the abbreviations.

We are especially grateful to the generous support by the Sponsors. Donors,
and Contributors. Such support is critical to the quality and success of past.
present, and future American Peptide Symposia. We wish to express our special
thanks to Dr. Alan E. Pierce and the Pierce Chemical Company for providing
the funds for the Alan E. Pierce Award and for partial support of the Awards
Banquet. It was a real delight to have Dr. and Mrs. Pierce and their children
at the Awards Banquet.

This vear’s Alan E. Pierce Award recipient. Dr. Daniel F. Veber, who was
recognized for his outstanding contributions to the chemistry and biology of
peptides and proteins. especially the use of conformational constraints to elucidate
bioactive conformation and improve biological activity. exemplifies the scientific
and personal qualities that hallmark the other seven awardees. His memorable
lecture was a fascinating expos¢ of the role of design and discovery in the
development of bioactive peptide analogs.

What better way to support and maintain the vitality of peptide chemistry
and biology than to support its voung scientists. Applied Biosystems and Millipore
Corp. have led the way by generously supporting the 39 American Peptide Society
Travel Grants to voung nvestigators. Bravo! We also heartulv commend Ruth
F. Nutt and members of the Travel Awards Committee for carefully evaluating
the numerous applications and fairly distributing the available travel funds.

We also congratulate the Student Affairs Committee of the American Peptide
Society who conceived of the Job Fair and the Student Poster Competition
-~ activities which facilitate the career development of young peptide scientists
and reward their individual and collective achievement.

We wish to express our sincere thanks to Advanced ChemTech for providing
the ballpoint pens and notepads. as well as paper matenials used during the
coffee breaks. Sigma Chemical Co. for providing the symposium briefcases. and
the Department of Molecular Biology. Massachusetts General Hospital. and
Immunology and Inflammation. Merck Sharp & Dohme Research Laboratories
for providing major administrative assistance and computer tacihites.

The Chairman also wishes to acknowledge Dorinda, his wife. whose support
and encouragement during a challenging admimistrative vear was both necessary
and sufficient.

John A. Smith
Jean E. Rivier
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Abbreviations

Abbreviations used in the proceedings volume are defined below:

All
AAaa
AAA
Aab

Ab
Aba
ABTS

Agbu
Abut
ABZ. Abz
AC

Aca

Acc

AcsC. Acse
ACE

ACh
ACHPA

AChR
Acm
ACN, Acn
ACP. Acp

ACSA
Acsc. Accc

AcT
ACTH
AD
Ada
ADE

Adoc
ADR
~-AE
AEC
AGSP

AH

vee Ang 11

amino acids

amino actd analysis

J-aminomethyvi-d-amino-
tutanoic acid

antibodyv

2-aminobutyric acid

2.2"-azido-bis(3-ethylbenz-
thiazoline sulfonic actd)

2.4-diaminobutyric acid

4-aminobutanoic acid

aminobenzoic acid

adenvlate cyclase

e-aminocaproic acid

l-aminocyclopropane
carboxvlic acid

aminocvclopentane carbox-
vlic acid

angiotensin-converting
enzyme

acetvicholine

4-amino-3-hydroxyv-5-cvclo-
hexvlpentanoic acid

acetvicholine receptor

acetamidomethyl

acetonitrile

acyl carrier protein:

see Aca

adenylate cyclase-stimulating
activity

aminocvclopentanecarbox-
vlic acid

Ne-acetvitransferase

corticotropin

Alzheimer’s disease

adamantyl

atrial peptide degrading
enzyme

2-adamantyloxvcarbonvl

adriamycin

a-amidating enzyme

3-amino-9-ethyicarbazol

atrial granule serine
proteinase

amphipathic a-helix

Aha. Ahept 7-aminoheptanoic acid

AHB

acute hepatitis B

Ahept. Aha 7-aminoheptanoic acid

Ahex
AHPBA

AHPPA

Ahx
Aib
Alc
AIDS
Am
Amc

AMD
Amt

6-aminohexanoic acid

-amino-2-hvdroxyv-
4-phenvibutanoic acid:

phenyvlnorstatine

4-amino-3-hydroxy-5-phenyvi-
pentanoic acid

aminohexvl

aminotisobutyric acid

2-aminoindan-2-carboxyvlic
acid

acquired immune deficiencv
syndrome

amidino

amioethvicoumarone

actinomvcein D

p-aminomethyvlphenviaianine

AMP. Amp aminomethvlpiperidine

AMPA

ANF

aminomethvlphenvlacetic
acid
atnial natriuretic factor

ANG. Ang angiotensin:

ANG II
Ang I
ANP
Ang
AO
AOA
Aoa
Aoc

AO0GO

AP

AP. BAP
APC
Apent
APG
Aph
APM
Apo

APP

angiotensinogen

see Ang I1

angiotensin II

atrial natriuretic peptide

anthraquinone

antiovulatory

antiovulatory assay

8-aminooctanoic acid

l-azabicyclo[ 3.3.0]-2-carbox-
ylic acid

S-amino-4-oxo-8-guanidino-
octanoic acid

aminopeptidase

amyloid protein

antigen presenting cell

S-aminopentanoic acid

azidophenyl glyoxal

aminophenylalanine

aminopeptidase M

apolipoprotein

avian pancreatic polypeptide
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Abbreviations

A,pr, Dpr

APY
AR
ARC
AS
Asa
ASC
ASF
ASFV
Asu
AT
aAT,
44 !'f\]ﬂ
ATII
Atc

ATEE
ATR

AVP
AZT

b
Bab

Bal
BAP. AP
BBAL

BBB
Bct
BGG
bGRF

BHA
BHAR
BHI
Biot
BiP
Bipa
bipy
BK
BLV
BME
BN, Bn
BnPeOH

Boc
Boc-ON

Xil

2,3-diaminopropionic acid
anglerfish peptide YG
adrenergic receptor
AIDS related complex
ammomum sulfate
azidosalicylic acid
antibody-secreting cell
African swine fever
African swine fever virus
aminosuberic acid
antithrombin

a-antitrvpsin

antithrombun [11

2-aminotetralin-2-carboxylic
acid

acetyl tyrosine ethyl ester

attenuated total internal
reflection

arginine-8-vasopressin

¥-azido-3’-deoxythymidine:

zidovudine

bovine

3.5-bis(2-aminoetnvl)benzoic
aad

B-alanine

B-amyloid protein

t-butoxycarbonyl-N'-( V-
bromoacetyl-#-alanvi)-
L-lysine

blood brain barrier

biocystinyl

bovine vy-globulin

bovine growth hormone
releasing factor

benzhydrylamine

benzhydrylamine resin

biosynthetic human insulin

biotin

binding protein

biphenylalanine

bipyridine

bradykinin

bovine leukemia virus

B-mercaptoethanol

bombesin

2.2-[bis(4-nitrophenvi)]-
ethanol

tert-butyloxycarbonyl

2-tert-butyloxycarbonyl-
amino-2-phenylaceto-
nitrile

BOI

Bom
BOP

BOP-CI
BPA

Bpa

Bpo
Bpoc
BPTI
bR
Br,Dmb

BroP

BSA
Bt

BTD
BTU

BTX
Bu
Bum
Butaz

BW
Bzl

c-3-PP
CA
Cam
cAMP

CAP
CAT
Cbz. Z
CCD
CCK

cDNA

2-(benzotriazol-1-yl)-oxy-
1,3-dimethylimidazoli-
nium

benzyloxymethyl

benzotriazolyloxy tris-(di-
methylamino)phospho-
nium hexafluorophos-
phate

his(2-0x0-3-oxazohdinvi)-
phosphinic chloride

benzylphenoxyacetamido-
methyl

p-benzovlphenvlalanine

1-a-benzoylpenicilioyl

biphenylpropyloxycarbonyl

bovine trypsin inhibitor

bacterial rhodopsin

3,5-bis(bromomethyl)benzo-
ate

bromo tris(dimethylamino)-
phosphonium hexafluoro-
phosphate

bovine serum albumin

biotinoyl

bicvclic 8-turn dipeptide

0O-benzotriazolvl-N NN V-
tetramethyluronium hexa-
fluorophosphate

bungarotoxin

butyl derivative

terr-butyloxymethyl

1.2-diphenylpyrazolidine-
3,4-dione

body weight

benzyl

cup;

cis

cis-3-propyl-L-prolyl

chemical acetylation

carboxyamidomethyl

cvclic adenosyl monophos-
phate

core amyloid peptide

chloramphenicol acetyl
transferase;

carboxyl amide terminal

carbobenzoxy:

benzyloxycarbony!

countercurrent distribution

cholecystokinin

circular dichroism;

complement domain

complementary DNA




CE
CE.CZE

CEC

CFA
CG
CGRP

CeTx
CHA. Cha
CHAPS

CHB
cHex. cHx
CHF

Chg

CHO

ChTr
ChTX
cHx, cHex
CID

CINC
GiTELOIC
CiTPrOIC

CLA
CM

CMC
C*MePhe
CNS
COSsY

CP

Cpa
CPBA
CPD
CPF
CPMAS

CP-Y
CR
CRF
Cro
CRP
CsA
CT

carbetocin

capillary zone electro-
phoresis

cation exchange chromato-
graphy

compiete Freund’s adjuvant

chorionic gonadotropin

calcitonin gene-related
peptide

conotoxin

cvclohexviamine

3-[(3~cholamidopropyl)-di-
methylammonio}-1-pro-
panesulfonate

chronic hepatitis B

cyclohexyl

congestive heart failure

cyclohexylglycine

chinese hamster ovary;

aldehyde

chymotrypsin

charybdotoxin

cyclohexyl

chemically ionized desorption:

collision induced dissociation
cvtokine-induced neutrophil
chemoattractant
4-chloro-3-(2-isothiureido-
cthoxy)isocoumarin
4-chloro-3-(3-isothiureido-
propoxy)isocoumarin
cyclolinopeptide A
chloromethyl;
casomorphin
carboxymethylcysteine
C*-methylphenylalanine
central nervous system
correlated NMR spectros-
copy
carboxypeptidase
4-chlorophenylalanine
chloroperbenzoic acid
carboxypeptidase
caerulin precursor fragment
cross-polarization/magic
angle spinning
carboxypeptidase Y
chain recombination
corticotropin releasing factor
4-hydroxycrotonic acid
C-reactive protein
cyclosporin A
carboxy terminus:
calcitonin;

CTAB

CTL
CTMS
Cip

CVAP

CVS

Cva

Cyp
CZE.CE

D
DA

Dab
DABCYL

DABITC

DADLE

DAGO.
DAMGO

DAMGO.
DAGO

Dap

DAST

Dat
DB
DBF
Db,g
DBH
Dbr
DBU

Dcb
DCC,
DCCI

DCHA
DCI1
DCM
Dcp
DCU
DDDA

DDQ

Abbreviations

chymotrypsin;

cholera toxin

cetyl trimethyl ammonium
bromide

cytotoxic T-lymphocytes

chlorotrimethylsilane

chloroacetyltryptophan:

6-0x0-3.4,6,7-tetrahvdro-
tH,SH-azocin[4.5.6-c.d]-
indole-4-carboxylic acid

cerebrovascular amyvloid
peptide

cardiovascular system

cysteic acid

cyclophilin

capillary zone electro-
phoresis

diversity (as with Ig or TCR
genes)
p/Ala substitution factor;
didemnin A
diaminobutyric acid
4-dimethylaminoazoben-
zene-4’-sulfonyl chlonde
4-dimethylaminophenyl-4'-
isothiocyanate
[p-Alal,p-Leu’] enkephalin
[p-Ala2 N-MePhe* . Glv:-ol]
enkephalin
[D-Ala2, N-MePhe*.Gly*-ol}
enkephalin
diaminopimelic acid
diethyl aminosulfur tri-
fluoride
desamino tyrosine
didemnin B
dibenzofuran
dibenzylglycine
dibenzylhydrizide
a.y-diaminobutyric acid
1.8-diazobicyclo[5.4.0]-
undec-7-ene
2,6-dichlorobenzyl

dicyclohexylcarbodiimide
dicyclohexylamine
3.4-dichloroisocoumarin
dichloromethane
dichlorophenyl
dicyclohexylurea
2,9-diamino-4,7-dioxa-
decanedioic acid
dichlorodicyanoquinone
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Abbreviations

DEAE
DEAM
Deg,
Daog
DG/SA

Dha
Dhc

DHO
DHP

DIBAL

DIC
DIEA
DIP
DIPC
DIPCDI
DIPEA
DKP

DLPS
DMA
DMAP
DMBHA

DMF
Dmp
DMPC

DMPG

DMPSE
DMS
DMSO
Dmt-OH

Dncp
DNP.Dnp
Dns
DOACI

DOC
DOPC

Dpa
DPBT

DPCDI
DPDPE

diethylaminoethanol
diethylacetamidomalonate

diphenylglycine
distance geometry/simulated
annealing
dehydroalanine
S5-(2.3-dihydroxypropyl)-
cysteine
dihvdroorotic acid
dihvdroxypropvi:
dihvdropyridine
diisobutyl aluminium
hydride
diisopropylcarbodiimide
diisopropylethylamine
4,7-diphenyl phenanthroline
see DIC
see DIC
diisopropylethylamine
[AspB10 LysB28 Pros2]-
insulin;
diketopiperazine
dilauroylphosphatidyiserine
dimethylacetamide
dimethylaminopyridine
2’ 4'-dimethoxybenzhvdrvi
amine
dimethylformamide
dimethyiphosphinyl
dimyristoylphosphatidyl-
choline
dimyristoylphosphatidyl-
glycerol
dimethylphenylsilylethyl
dimethyl sulfide
dimethyl suilfoxide
2,2-dimethyl-L-thiazolidine-
4-carboxvlic acid
2,4-dinitro-6-carboxyphenyl
dinitrophenyi
dansyl
dimethyl dioctadecyl ammo-
nium chloride
deoxycholate
dioleoyl-sn-glycerophospho-
choline
B.B-diphenylalanine;
diphenylalanine
diphenylphosphorylbenz-
oxazolthione
see DIC
cyclo[pPen2-nPen®]-
enkephalin

Dpg
DPI
DPP
DPPA
DPPC

DPPG
Dpr. A-pr
DQF
DSB

DSp
DTC

Dtc

DTH
DTNB

DTPA
Dts

DTT
Dyn

EA
EACA
EAE

EBV
EDAC,
EDC

EDC.
EDAC

EDRF

EDT
EDTA

EGF,
EGFR

El
EIAV

ELAB

dipropyiglycine
despentapeptide insuiin
dipeptidy! peptidase
diphenylphosphorylazide
dipalmitoylphosphatidyl-
choline
dipalmitoylphosphatidyvi-
glycerol
2.3-diaminopropionic acid
double quantum tocused
4-(2.5-dimethyl-4-methvi-
sulfinylphenyl)-4-hvdroxy-
butanoic acid
dimethyisulfonium methyl
sulfate
dimeric tripeptide chemo-
attractants
5.5-dimethylthiazolidine-4-
carboxylic acid
delayed type hypersensitivity
dithiobis(2-nitrobenzoic
acid)
diethylenetriamine penta-
acetic acid
dithiasuccinovl
dithiothreitol
dynorphin

cel:

equine

ergotamine

see Aca

experimental autoimmune
encephalomyelitis

Epstein-Barr virus

1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide
hydrochloride

1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide
hydrochloride

endothelium-derived
relaxing factor

ethanedithiol

ethylenediaminetetraacetic
acd

epidermal growth factor:

epidermal growth factor
receptor

epidermal cell inhibitor

equine infectious anemia
virus

enantiomer labeling




ELISA

Enk
env
EP
EPNP

EPR

ESR

ET. Et
EtA

Etm

Et:N. TEA

FAA
Fab
FABMS

FACS

Farn
Fc
FelV
FET
Fg
FGF
F1

FID
FITC
Fig
Fm. fm
FMDV
FMOC
Fmoc
Fn

For
Fpa
FPLC

FPro
FRET

FSH

FTIR
FXa

G.g

GA
GABA
GAL
GAP

enzyme-linked immuno-
sorbent assay

enkephalin

envelope protein

endorphin

1,2-epoxy-3-(p-nitrophen-
oxy)propane

see ESR

electron spin resonance

endothelin

a-ethvlalanine

ethyloxymethyl

triethvlamine

fatty amino acid

antigen binding Ig fragment

fast atom bombardment
mass spectrometry

fluorescence-activated cell
sorter

farnesyl

crystallizable Ig fragment

feline leukemia virus

fluorescence energy transfer

fibrinogen

fibroblast growth factor

food intake

flame ionization detector

fluorescein isothiocyanate

fluorenylglycine

fluorenylmethyl

foot-and-mouth disease virus

see Fmoc

fluorenylmethoxycarbonyl

fibronectin

formyl

4-fluorophenylalanine

fast protein liquid
chromatography

S-fluoroproline

fluorescence resonance
energy transfer

follicle stimulating hormone;

follitropin

Fourier transform infrared

blood coagulation factor Xa

guanine-nucleotide binding;
gauche;

GTP-binding regulatory
gramicidin A
y-aminobutyric acid
galanin

growth associated protein;

GC
g-CSF

GDA
GEMSA

GH

GHRH.
GRF

GHRP

GITC

Gla

GLP
GM

Gn, Gu
GnRH

GO
gp
GP1
GREF,
GHRH
GRP
GS
GSH
GSSG
GTP
Gu, Gn
Gua
GvH
GVIA

HA
Hat
HBcAg
HBeAg
hBP

HBPvU

HBTU

Abbreviations

gonadotropin-releasing hor-
mone associated protein

gas chromatography

granulocyte-colony stimula-
ting factor

glutaraldehyde

guanidino ethylmercapto-
succinic acid

growth hormone

growth hormone releasing
hormone

growth hormone releasing
peptide

2.3.4,6-tetra-0-Ac--p»-
glucopyranosyl isothio-
cyanate

D-galactopyranosyl;

y-carboxyglutamic acid

glucagon-like peptide

gramicidin M;
[Phed11.13.15]gramicidin A

guanidine

gonadotropin releasing
hormone

8-guanidinooctanoyl

glycoprotein

guinea pig ileum

growth hormone releasing
factor

gastrin releasing peptide

gramicidin S

reduced glutathione

oxidized glutathione

guanosine triphosphate

guanidine

guanidino

graft vs. host

conotoxin G VIA

human

hemagglutinin

6~hydroxy-2-aminotetralin-2-
carboxylic acid

hepatitis B core antigen

hepatitis B e antigen

human serum binding
protein

2-(1H-benzotriazol-1-vl)-
1,1,3,3-bis (tetramethy-
lene)-uronium hexafluo-
rophosphate

O-benzotriazolyl-N.N.N' N'-
tetramethyluronium hexa-
fluorophosphate
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Abbreviations

HBV
HC
hCG

hCGRP

Hcevs. hCys
HEL

HEPES.
Hepes

Hfa, Hfe
HFBA
HEFC

HFIP
hGH
HHM

HI
HIC
HILIC
HIV

HIVP.
HIV-PR

HLA
HLE
HMP

HMPA,
HMPT
HNE
hNP
HOBT,
HOBt
HODhbt

HONp
HOOBt

HOSu
HOTic

Xvi

hepatitis B virus

heparin cofactor I1

human chorionic gonado-
tropin

human calcitonin gene-
related peptide

homocysteine

hen egg lysozyme:

human ervthroleukemia

N-[2-hydroxvethvl]pipera-
zine-N"2-ethanesulfonic
acid

homophenvlalanine

heptafluorobutyric acid

human fibroblast
collagenase

hexafluoroisopropanol

human growth hormone

humoral hypercalcemia of
malignancy

hemoregulatory cell
inhibitor

hvdrophobic interaction
chromatography

hvdrophilic interaction
chromatography

human immunodeficiency
virus

human immunodeficiency
virus protease

homolysine

human leukocyte antigen

human leukocyte elastase

hydroxymethylphenoxy-
acetic acid;

hydroxymercaptopropionic
acid;

4-hydroxymethylphenoxy-
methyl

hexamethylphosphoric
triamide

human neutrophil elastase

human neutrophil peptide

hydroxybenzotriazole

hydroxyoxodihydrobenzo-
tnazine

nitrophenol

hydroxyoxodihydrobenzo-
triazine

N-hydroxysuccinimide

T-hydroxy-1,2,3 4-tetra-
hydroquinoleic-3-car-
boxylic acid

HPA
HPCE

HPI
HPLC

Hpp
HPSEC
HR. hr

HSA
Hse
Hsp
HSPS
HSV
HT
Htc

HTE

HTLV
HUB
HUVEC

HYCRAM

Hyp
Hz

la. I-A
IC
ICAM

ICE
1.C.v.
IEC

IEF
IEX

hypothalamic-pitituary-
adrenal axis

high performance capiliary
electrophoresis

human proinsulin

high pressure liquid chroma-
tography;

high performance liquid
chromatography

3-(4-hydroxyphenyi)-
propionvl

high performance size
exclusion chromatographyv

histamine release: N

human recombinant

human serum albumin

homoserine

heat shock protein

high speed peptide synthesis

herpes simplex virus

HIV-tachykinin

7-hydroxytetrahydroisoquin-
oline-3-carboxylic acid

hamster trachea epithelial
cell

human T-cell leukemia virus

hamster urinary bladder

human umbilical vein
endotheiial cell

hydroxycrotonyl amino-
methyl linker

hvdroxyproline

hertz

immune-associated antigen

inhibitory concentration

intracellular adhesion
molecule

interleukin convertase

intra-cerebro-ventricular

ion-exchange chromatog-
raphy

isoelectric focusing

ion exchange

interferon a

immunoglobulin

insulin-like growth factor

interleukin

lysine(N*-isopropyl)

imidazole

intramuscular

indole

2-carboxy-indoline




INEPT
Ing
IR

IRMA
U
IV.iv.
Iva

KLH
KP
Kpc

LACA
LAR
LD
LDH
LDTOF

LEC
LFA
LH
LHRH

Lo
LPC
LPH
LPS

Lr
LSIMS

LTR
LVP
LZ

MAb

Man

MAP.
MAp

MAPs

insensitive nuclei enhance-
ment by pulse transfer

indenyiglycine

inosttol phosphate

infrared;

insulin receptor

immunoradiometric assay

international units

intravenous

2-amino-2-methylbutyric
acid;

1sovaline

joining (as with Ig or TCR
genes)

keyhole limpet hemocvanin
[LysB28 ProB¥)-insulin
ketopipecolyl

long alkyl chain amino acids

leukocyte antigen related

lethal dose

lactate dehydrogenase

laser desorption time-of-
flight

ligand-exchange chromatog-
raphy

[vmphocvte function-associ-
ated antigen

lutetnizing hormone:

lutropin

luteinizing hormone releas-
ing hormone

oxidized cotled-coil

tauroylphosphoryicholine

lipotropin

lipopolysaccharide

reduced coiled-coil

liquid secondary ion mass
spectrometry

long terminal repeat

lysine-8-vasopressin

Leu-zervamicin

messenger.

murine

monoclonal antibodyv
2-mercaptoanaline

membrane anchored protein;

multiple antigen peptide;

mean arterial pressure

macromolecule associated
proteins

MARCKS

MAS
MAT
Mba
Mbh
MBHA
MBHAR

MBP
MBS

Abbreviations

myristolated alanine-rich C
kinase substrate

magic angle spinning

mating type as for veast

2-mercaptobenzoic acid

methoxybenzhydryl

methylbenzhydrvlamine

methvlbenzhvdrvlamine
resin

myvelin basic protein

m-maleimidobenzoyvi-V-
hydroxysuccinimide ester

MBzl. Meb p-methvibenzyi

MCH

MCPBA
MD

ME

Me

Mea

Meb. MBzl
Mel

MeNTI

MePhg
MHC

MIC

MIR
Mis

MMC
MMTV

Mob
Mom
MoMulLV

MOT. Mot
MP
Mpa
Mpg

Mpgr
MPLC
Mpr

MS
MSH

melanin concentrating
hormone

m-chloroperbenzotic acid

molecular dynamics

mercaptoethanol

meilitin

2-mercaptoethylamine

p-methylbenzyl

mellitin;

melphalan

N-methyl noroxymorphin-
dole

N“-methylphenylglvcine

major histocompatibility
complex

minmimal inhibitory concen-
tration

main immunogenic region

minor lvmphocyvte stimula-
ting gene

migrating motor complex

mouse mammary tumor
virus

p-methoxybenzyi

methyloxymethyl

Moloney murine leukemia
virus

motilin

mastoparan

mercaptopropionic acid

3-methoxypropylglycine

phosphonic acid analog of
J-methoxyglycine

medium pressure liquid
chromatography

3-mercaptopropionyl;

mercaptopropionic acid

mass spectrometry

melanocyte stimulating
hormone;

melanotropin
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Abbreviations

Msob
Msc

Msz

MT
Mtr

Mits
MulV
MVD
MxAn

NA
Nag
Nal
1-Nal
Napa
Nase

Nbb
NBD
NBS
NCA
NCp
NCS
NEM
NFT
Nic
NIDD

NIS
NK
NM
NMB
NMDA
NMM
NMP
NMR
NMT
NOE
NOESY

NP
NPE

Npp
NPY

Npys
NT
NVOC

xviii

methylisulfinylbenzyl
methylsulfonylethyloxy-

carbonyl
methylsulfinylbenzyloxy-

carbonyl
metallothionein
methoxytrimethylphenyl-

sulphonyl
mesitylenesulfonyl
murine leukemia virus
mouse vas deferens
mixed anhydride

nitroaniline
naphthylglycine
3-(2-naphthyl)alanine
3-(I"-naphthyl)alanine
4-azido-2-nitrophenylacetyl
Staphylococcus aurease
nuclease
o-nitrobenzamidobenzyl
7-nitiobenz-2-oxa-1.3-diazole
N-bromosuccinimide
N-carboxyanhydride
nucleocapsid protein
neocarcinostatin
N-ethylmaleimide
neurofibrillary tangles
nicotinoyl
non-insulin dependent
diabetes
N-todosuccinimide
neurokinin
neuromedin
neuromedin B
N-methyl-p-aspartate
N-methylmorpholine
N-methylpyrrolidinone
nuclear magnetic resonance
N-myristoyl transferase
nuclear Overhauser effect
nuclear Overhauser
enhanced spectroscopy
neutrophil peptide;
neurophysin;
neuropeptide
2-{2-nitrophenyl)ethyl
nitrophenylpyrazolinone
neuropeptide Y
3-nitro-2-pyridylsulfenyl
N terminus;
amino terminus;
neurotensin
nitroveratryloxycarbonyl!

NZB
NZW

o
Oic

oMePhe
OMP
ONb
ONp
OPA
OPFp
ONSu
OSu
oT
OTf
OVA
OVLT

PAB
PAC, Pac
PAF, Paf
PAGE

PAL

Pal
Paloc
PAM
Pas

PBS
PC
P.C

PCP
P,CSS

PDB
PDMS

PE
PEG
Pen

pepy
PFC

PG

New Zealand black
New Zealand white

ovine

2.3.4.5,6.7 8-octahydro-
indole-2-carboxylic acid

o-methylphenylalanine

outer membrane protein

o-nitrobenzyl

nitrophenyl esta

o-phthaldialdehyde

pentafluorophenyl

N-hvdroxvsuccinimide ester

O-succinimide ester

oxytocin

O-triflate

ovalbumin

organum vasculosum
laminate terminalis

propeller
parent antagonist;
phosphatidic acid
p-alkoxybenzyl
phenacyl
p-aminophenvlalanine
polvacrvlamide gel electro-
phoresis
photoaffinity labeling;
peptide amide linker:
tris(alkoxv)benzylamide
anchor
3-(3-pyridyl)alanine
3-(3-pyridyl)ailyloxycarbonyl
phenylacetamidomethyl
6.6-pentamethylene-2-
aminosuberic acid
phosphate buffered saline
phosphatidyl choline
tripalmitoyl-S-glyceryl-
cysteine
phencyclidine
tripalmitoyl-S-glyceryl-
cysteinylserylserine
phorbol 12,13-dibutyrate
plasma desorption mass
spectrometry
phosphatidyl ethanolamine
polyethylene giycol
penicillamine
bipyridine-modified peptide
plaque forming cell
pentafluorophenvl ester
proteoglycan;




pharmacophore group

PGF proteoglycan growth factor

PGL" peptide glycine leucine
amide

Pgl n-pentylglycine

Pgif phosphonic acid analog of
3-mcthoxypropyvlglveine

pGlu pyroglutamic acid

Ph phenvl

Phaa. PhAcphenvlacetic acid
PhAc. Phaaphenvlacetic acid

PHBT polvmeric hyvdroxvbenzotri-
azole
PHF patred helical tilaments
Phg phenyiglycine
Phi 4-iodophenylalanine
Phol phenylalaninol
Phpa 3-phenylpropanoic acid
Pht phthaloyl
Pl phosphoinositide
pl isoelectric point
Pic picolinoyl
Pin B-pineyl
Pip. pip pipecolinyl;
piperidine
Pipes piperazine-N . N'-bis-
| 2-ethanesulfonic acid]
Piv pivaloyl
Piz piperazic actd
PK protein kinase
PKA protein kinase A
PKC protetin kinase C
PLA, phospholipase A
PLP poly-L-proline
PMA phorbol myristate acetate
PMB polymyxin B
Pmb p-methoxybenzyl
Pmc 2.2.5.7.8-pentamethyl-
chroman-6-sulfonyl
Pmp 3.3-pentamethylene-3-mer-

captoproptonic acid;
phosphonomethylphenvi-

alanine

PMSF phenyimethylsulfonyl
fluoride

pNA p-nitroaniline

PNb p-nitrobenzyl

PND principal neutralizing
determinant

PON periodically oscillating
neuron

POPC l-paimitoyl. 2-oleoyl-sn-gly-

cero-3-phosphocholine

POPS

PP
PPA

PPE
PPlase

PPL
Ppt
PQ
Pqt

PR
Pra
PRL
PRP
PS
PSG
PT
PTH

PTHrP
PTK
Ptm
PTPase
PTZ
Ptz

PVA
PVDF
PV'N
PvBOP

PYL:
PYY
QUIS
rDNA
recDNA
REDOR
RF
RGD
RIA
RMS
RMSD.

rmsd
RNAP

Abbreviations

palmitoyl-oleoyl-phosphati-
dylserine

pancreatic polypeptide

n-propylphosphoric
anhydride

porcine pancreatic elastase

pepudyl-prolyl cis-trans
isomerase

porcine pancreatic lipase

diphenviphosphinothionyl

paraguat

3-(I'-methvl-4 4’-bipvridi-
nium-1-v1) propyi

protease

propargylglycine

prolactin

platelet-rich plasma

polystyrene

pig synovial gelatinase

pertussis toxin

phenyithiohydantoin:

parathyroid hormone

PTH related protein

protein tyrosine kinase

phenvloxvmethyl

protein-tvrosine phosphatase

phenothiazine

1-(10-phenothiazinyl)-
propanol

polvvinyl alcohol

polvvinvlidene fluonde

paraventricular nuclet

(benzotnazolyl)-N-oxv-pyr-
rolidinium phosphonium
hexafluorophosphate

peptide tyrosine leucine
amide

peptide tyvrosine-tyrosine

quisqualate

recombinant DNA

rotational echo double
resonance

rheumatoid factor:

replaceability factor

Arg-Glv-Asp fibrinogen
binding sequence

radioimmunoassay

root mean square

root mean square distance:

root mean square deviation

RNA polymerase 11
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Abbreviations

RNase
RNP
ROE

ROESY

ROS
RP
RPC

RPHPLC
RPIF

RT

S

SA

SAH

SAM
SAMBHA

SAP
SAR
Sar

SC

sC, 8.C.
SCC
SCLC
SDS
SEC

SEM
SH
SHMT

SHR
SLE

SMPS

sn
SP
SPCL

SPPS. SPS
SPS, SPPS
SRIF. SS
SS. SRIF

XX

ribonuclease
ribonucleoproteins
rotating frame nuclear
Overhauser effect
rotating frame nuclear
Overhauser enhanced
spectroscopy
rat osteosarcoma cells
reversed-phase
reversed-phase chromato-
graphy
reversed-phase high pressure
liquid chromatographv
relative positional
importance factor
reverse transcriptase:
room temperature

salmon;

staggered

symmetrical anhydrides

S-adenosylhomomethionine

S-adenosylmethionine

{(4-succinylamido-2'.2’,4'tri-
methoxy)benzhvdryl
amine

serum amyloid protein

structure-activity relations

sarcosvl;

sarcosine

synthetic troponin-C peptide

subcutaneous

short circuit current

small cell lung carcinoma

sodium dodecyl sulfate

size exclusion chromato-
graphy

standard error of the mean

sulfhydryl

serine hydroxymethvl
transferase

spontaneous hypertensive rat

systemic lupus ervthema-
tosus

simultaneous multiple
peptide synthesis

small nuclear

substance P

synthetic peptide combina-
tion libraries

solid phase peptide synthesis

solid phase peptide synthesis

somatostatin

somatcstatin

SRP
SS

ss
ssDNA
ST
Sta
STE
Su
Sub
Suc
SWM

1
1-3-PP
Tacm
TAP
TASP

Tat
TBDMS
TBDMSCI

TBTA

TBTU

Tca
TCEP

TCR
TCS

TCT

TEA. Et;N
TEAP
TEDOR

Teoc
TEP
TFA
TFE
TFM
TFMSA

TGF
THF
Thg
Thi

signal recognition peptide
somatostatin

solid state

single stranded DNA
heat stable enterotoxin
statin

sterile (as with yeast)
succinimide

substrate

succinovl

sperm whale myoglobin

trans
trans-3-propyl-L-prolvl
S-trimethylacetamidomethyl
tick anticoagulant peptide
template assembled synthetic
proteins
transcriptional activator
tert-butyldimethyisilyl
tert-butyldimethylsilyl
chloride
tert-butyl-2.2,2-trichloro-
acetamide
0O-benzotriazolyl-N.N.N’* . N'-
tetramethyluronium tetra-
fluoroborate;
2-(1H-benzotriazol-1-yl)-
1.1.3.3-tetramethvi-
uronium tetrafluoroborate
trichloroacetamide
tris(2-carboxyethyl)-
phosphine
T lymphocyte antigen
receptor
trypsin-catalyzed semi-
synthesis
tracheal cytotoxin
triethylamine
tricthylamine phosphate
transferred echo double
resonance
trichloroethyloxycarbonyl
triethylphosphite
trifluoroacetic acid
trifluoroethanol
trifluoromethyl
trifluoromethanesulfonic
acid
transforming growth factor
tetrahydrofuran
2-thienyiglycine
tetrahydro-1,4-thiazine-3-
carboxylic acid;




THIQ
THTP
Thz
Tic, Tiq

TicOH

TIM. TPI
TLC

™

Tm
TMBD

Tmob
T™P

TMS
TMSCN
TMSE
TMSOTS
TMTr

Tn

TnC
TNF
TOCSY
Tos

TPA. tPA
TPI, TIM
TPK

TPTU

TPyCIU

Tqu
TR

see Dtc

tetrahydroisoquinoline

tetrahydrothiophene

thiazolidine carboxylic acid

1.2,3.4-tetrahydroquinoline-
3-carboxylic acid

7-hydroxy-1,2,3,4-
tetrahydroquinoline-3-
carboxvlic acid

triosephosphate isomerase

thin laver chromatography

transmembrane

melting temperature

NN N N-tetramethvi-
benzadine

2 4.6-trimethoxybenzyl

3,47 8-tetramethylphenan-
throline

trimethylsilyl

trimethylsilylethyl cyanide

B-trimethylsilyl ethyl

trimethylsilyl trifluoro-
methanesulfonate

4.4’ 4'-trimethoxytriphenyl-
methyl

troponin

troponin-C

tumor necrosis factor

total correlation
Spectroscopy

tosvl

12-O-tetradecanoylphorbol-
13-acetate;

tissue plasminogen activator

triosephosphate isomerase

tyrosine-specific phosphate
kinase

1.1,3,3-tetramethyl-2-(2-oxo-
1(2H)-pyridyl)uronium
tetrafluoroborate

1.1,3.3-bis(tetramethylene)-
chlorouronium tetra-
fluoroborate

1,2,3,4-tetrahydroquinoline-
2-carboxylic acid

time resolved

TR,C
TR-COSY
TRH

Tris

TRNOE,
trNOE

Trt

TSH

TT

UDP
UK
u-PA

uv
\Y
VCD

VIP
VIS. Vis
Vly
VMH
Vn
VNA
VSMC
VSV

WSCI
WT, wt
XAL

Xan
XPF

Z,Cbz

Abbreviations

tryptic fragment from
troponin-C

transferred rotational corre-
lated NMR spectroscopy

thvrotropin releasing
hormone

tris(hydroxymethyl)amino-
methane

transferred nuclear
Overhauser effect

trityl

thyroid stimulating hormone

tetanus toxoid

uridine diphosphate

urokinase

urokinase-type plasminogen
activator

ultraviolet

variable (as with Ig or
TCR genes)
vibrational circular
dichroism
vasoactive intestinal peptide
visible
valeryl
ventro medial hypothalamus
vitronectin
virus neutralizing antibody
vascular smooth muscle cells
vesicular stomatitis virus

water soluble carbodiimide

wild type;

weight

5-(9-aminoxanthen-2-oxy)-
valeric acid

9-xanthenyl

xenopus precursor fragment

carbobenzoxy;
benzyloxycarbonyl

pseudo
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Design and discovery in the development of peptide analogs

Daniel F. Veber

Merck Sharp & Dohme Research Laboratories. Department of Medicinal Chemistry.
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Introduction

The holy grail of medicinal chemistry has been the ‘receptor-bound’ contor-
mation, the elusive form ot a bioactive molecule as it triggers or blocks a biological
response. For highly flexible bioactive peptides the search is especially complex.
Freezing the peptide in its active shape offers the possibility of eliminating side
effects through limiting interaction with alternate receptors, as well as the
possibility of curtailing metabolic processes. In a case where the active conformer
is only a small percentage of the solution population, there is also the expectation
of increased potency. We have been strong proponents of the constrained analog
approach as a means to define the ‘*bioactive conformation’. This approach calls
for systematic introduction of conformational constraints. Bioactivitv of the
constrained analog indicates an allowed structure at the receptor. Lack of
bioactivity offers limited information by defining only a single inactive conformer.
Rapid and facile svnthesis of manv analogs is essential to obtaining positive
results. We have had the good fortune ot being quite successtul in applyving
this approach. endeavoring along the wav to look back on physical measures
of the unconstrained peptide in solution and solid state to search for clues relating
to the bioactive conformation. The high flexibility and apparent low concentration
of the bioactive form in even somewhat constrained molecules have been
formidable obstacles to detailed physical studies. The problem of direct ob-
servation of structure in solution or the crystalline state has been brought home
in recent studies on cyclosporin. Both the X-ray and solution NMR studies
had shown a cis-amide bond between residues 9 and 10. In contrast. Fesik ct
al. have shown a trans-amide bond at this same point when the peptide is bound
‘0 cyclophilin. the presumed receptor [1].

I would like to discuss some of the details of our constrained analog studies
on somatostatin, filling in some gaps with new data using techniques not available
when these studies were first executed and adding some heretofore unreported
results that amplify previous conclusions. I would also like to show examples
of how the constrained analog approach has extended quite broadly to other
peptides. Finally, I will give my view of future hopes. [ have chosen this topic
to highlight the participation of the fine people who have contributed to the
accomplishments that are being recognized. Individual recognition in the text
will generally indicate the new or previously unpublished results that are being
reported here.

()
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A first step in our constrained analog studies on somatostatin (1) (Table 1)
was replacement of the four terminal residues by aminoheptanoic acid (Aha)
to form the bis-carba analog (2) [2]. We interpreted the improved potency
generally observed with p-Trp8, as seen by J. Rivier et al. in somatostatin [3]
as being indicative of a Type II' B-turn in the p-Trp3 analog along with anti-
parallel B-sheet involving residues 5-7 and 10-12. An open structure in regions
1-4 and 13-14 was supported by the high activity of analogs having proline
in positions 5 (3) and 13 (5). The introduction of proline at position 12 (4)
is quite detrimental to activity and indicates that this residue may still be involved
1n B-structure (R. Strachan and F. Holly).

Early on, the side chains of Asn® and Thr!? served as a focus for a cross-

Table | Growth hormone release inhibiting properties of selected somatostatin analogs

GH (in vitroy

1 H-AIa-Gly—C;&s-Lys-Asn’-Phe‘-Phe’-Trp‘-Lys"-Thr'°~Phc' l-'I'hr'Z—SerU-ijs-OH 1.0

2 cyclo(Aha-Lys-Asn-Phe-Phe-L-Trp#-Lys-Thr-Phe-Thr-Ser) 0.6

3 cyclo(Aha-Lys-Pros-Phe-Phe-p-Trps-Lys-Thr-Phe-Thr-Ser) 1.3

4 cyclo(Aha-Lys-Asn-Phe-Phe-p-Trpé-Lys-Thr-Phe-Pro!2-Ser) 0.1

5 cyclo(Aha-Lys-Asn-Phe-Phe-D-Trp8-Lvs-Thr-Phe-Thr-Pro!3) 22

6  cyclo(Aha-Lys-Cys-Phe-Phe-p-Trp-Lys-Thr-Phe-Cys-Ser) 0.4

7 cyclo{Aha-Phet-Phe-p-Trp»-Lys-Thr-Phe) 0.9

8 cyclo(Aha-Phe-Phe-1-Trp#-Lys-Thr-Phe) 0.1

9 c_vclo(Aha-C_\lls-Phe-D-Trp"-L_vs-Th r-C?;s) 1.2
10 cyclo( Prot-Phe -0-Trp*-Lys?-Thr!v-Pheii) 1.7
11 cyclo(Pro-Phe-1-Trp-Lys-Thr-Phe) 1.6

0
12 cyclo(Pro-hCys-o-Trp-Lys-Cys-Phe) <0.002
.
13 cyclo(Pro-Cys-p-Trp-Lys-hCys-Phe) 0.004
— 1
14 cyclo(Pro-Cys-p-Trp-Lys-Cys-Phe) -b
15 cyclo(N-Me-Ala-Phe-p-Trp-Lys-Thr-Phe) 35
16  cyclo(Ala-Phe-p-Trp-Lys-Thr-Phe) 0.6
17 cyclo{ Aha-D-Cyls-D-Thr~D‘Lys-Trp-D-Phe-D-C ;'s) 0.2
18 cyclo(N-Me-p-Phe-n-Thr-p-Lys-Trp-p-Phe-p-Ala) 0.3
19 cyclo(N-Me-p-Phe-p-Thr-Lys-p-Trp-p-Phe-p-Ala) 0.9
20 cyclo(N-Me-Ala-Tyr-p-Trp-Lys-Val-Phe) MK-678 52
pA | Cys-Phe-p-Trp 2.5
L
Cys-Thr- Lys
22 {Cys-TyH)-Trp 16
Cys-Val- Lys

4 Inhibition of growth hormone release using dispersed pituitary cells, as reported in Ref. 4. and
expressed in relation to somatostatin which is defined as 1.0.
* Did not form.
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ring constraint in the form of a disulfide. Thus, the bicyclic analog, 6, was
as active as the monocyclic cysteine protected precursor {4] providing strong
support for our model. The ability to replace two amino acids commonly judged
as hyvdrophilic (Asn and Thr) with the hydrophobic grouping of cystine is
noteworthy. Indeed these side chains were eventually replaced by a phenyl ring
in the cyclic hexapeptides discussed below. For somatostatin it appears that
the receptor is recognizing the hvdrophobic portion of these amphoteric amino
acids. Surely this characteristic of groups in peptides makes simple generalizations
about hvdrophobic or hvdrophilic character quite hazardous and affords us chem-
ists the opportunity to utilize our intuition and experience.

The successful application of the 5-12 cross-ring bridge allowed us to ignore
our findings about conformation in the open portion of the peptide (residues
1-4, 12, 13) since the whole open portion was readily deleted to give cyclo(Aha-
Phes-Phe-p-Trp-Lys-Thr-Phe!!), 7. which retains potency about equal to soma-
tostatin. The corresponding L-Trp# analog 8, is still less potent in this structural
class, consistent with an equilibrating mixture of conformations, the bioactive
form constituting only a low proportion of the population.

Recognition that the phenylalanines 6 and 11 might be contributing prominently
to stabilization of the bioactive conformation through hvdrophobic interaction
led us to propose and synthesize the disulfide-bridged bicvclic analogs exemplified
by structure 9 [5]. A further simplification of the bicvclic bridging unit was
accomplished through replacement of the Cvs-Aha-Cyvs by Phe-Pro in the form
of cyclo(Pro-Phe-p-Trp-Lys-Thr-Phe), 10, designed to achieve a B-turn which
proved to contain a cis-amide bond [6]. This series also has sufficient rigidity
that the L-Trp diasteriomer (11) is equipotent to the o-Trp isomer (10).

The cyclic hexapeptide 10 has been the subject of extensive conformational
analysis using NMR techniques both in DO and in DMSO-d, [7]. Significantly
less conformational averaging is seen in D,O than in DMSO. This is primanly
indicaied by less dramatic upfield shifts of protons on proline and lysine in
DMSO-d¢ than in D,0. It is also seen in more average values for the N°-H
to C°-H coupling constants in DMSO-d, Using mixtures of H,O and D,O. 1t
was possible to assign all N°-H to C*-H coupling constants {7]. A cis-amide
bond was indicated by 13C chemical shifts in the proline ring along with a strong
nuclear Overhauser effect between the a-protons of Phe!! and Pro¢. Using a
comprehensive conformation search program [8}], two structures were found which
proved consistent with all physical data in solution as well as fitting all structure-
activity data for the bioactive conformation. Although the NMR data in solution
are also consistent with an equilibrating mixture of these two forms. it is difficult
to argue the fortuitous averaging of two structures with such extreme coupling
constants. The dihedral angles for these two structures are given in Table 2
and stereo views are shown in Fig. 1. Although structure 10a is slightly lower
in energy when calculated at low dielectric. calculation at high dielectric reduces
the difference between the two forms. The greater apparent stability of the ‘cup’-
shaped structure 10a at low dielectric is a consequence of more internal hydrogen
bonds than in the *flat’ structure 10b.
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Table 2 Dihedral angles for cyclic hexapeptide models 10a, 10b and the two disulfide
isomers of 22 modelled using the backbone of 10b and carrying out 50 cycles of energy
minimization. Coupling constant data for 10 is given in reference 7. N-H to Ce-H coupling
constants in CD;OD/CD;0H are given for the two isomers of 22 along with values predicted
Sfrom the models

Model Dihedral angles
Phe!l(¢,¢) Prof(¢.0)  Phel(¢.0)  D-Trpdd.0) Lys%o.0) Thri¥o.)
10a(‘cup’) -37,124 -66.-21 -91, 91 73.-120 -70,-21 -113, 81
10b(*flat’) -48,133 -73,-23 -143.159 99.-150 -84,-19 -109.120
Cysi(d.0) Cyss(o.w) Tyr(¢.0) D-Trpo,e) Lys(o.) Val'¢,0)
22a(98) 75.139 -130,39 -169,-154 79,-159 -77, -6 -120,178
22b(-96) 78.143 -126,29 -164,-154 79.-159 -78.-10 -115,177
JNH-C°H
(major,minor)
Found ~4,-4 11.7,10.2 15,17 6.5,6.7 71.2,6.6 8.9,9.2
Predicted 5.7 9.2 5.5 6.2 6.1 9.4

Our over-all preference for the ‘flat’ structure as both the solution and bioactive
conformation derives from attempts to build a covalent constraint between the
side chains of Phe” and Thr!¢ (S. Brady, R. Freidinger and W. Paleveda). 10a
presents the side chains of Phe’ and Thr!0 as axial and in close spatial proximity
while 10b presents the Phe’ side chain in an equatorial orientation. Modelling
studies indicate facile bridging of the 7 and 10 side chains using a disulfide
when cysteine and homocysteine are present at these positions in structure 10a,
while no such bonding is possible when structure 10b is similarly modified. Both
isomers of the Cys-homoCys (12 and 13) peptide were prepared and found to
show very low potency (Table 1). The analog having cvsteine at both of these
positions (14) did not form a monomeric disulfide under conditions we have
used for the formation of even relatively strained rings (see examples later).
Based on these analogs it appears that 10a is neither the bioactive nor the solution
conformation. The ‘flat’ structure (10b) as both solution and receptor bound
form is consistent with all physical studies and biological results.

The cis-amide bond between residues 11 and 6 had been a consideration of
the original design studies of Freidinger. Subsequent recognition of its presence
in compound 10 (R. Nutt and K. Kopple) encouraged a view that this was
a prerequisite for activity. We were therefore surprised to observe the relatively
high activity of cyclo(Ala-Phe-p-Trp-Lys-Thr-Phe), 16, which has a secondary
amide in the turn between Phe!! and Ala$ and is to be compared to 15 of Table
I (R. Freidinger and D. S. Perlow). The amide bond of 16 is expected to be
trans but the possibility exists that some feature in the cyclic hexapeptide could
be forcing the amide cis. A key measure of the presence of a cis amide is an
NOE between the a-protons on either side of the amide bond in question. In
this molecular size range, the absence of a NOE is ambiguous because the
transition from positive to negative values occurs here [9]. Thus a failure to
see one in this instance did not allow us to draw a conclusion at the time this
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compound was made in 1979. Today, the ROESY experiment overcomes the
ambiguity since the Overhauser effect remains positive independent of molecular
size. Using the ROESY experiment, {10,11] B. Arison was unable to detect any
significant Overhauser effect involving the a-protons of Phe!! and Ala® of 16
indicating a trans-amide bond. Thus, both cyclic hexapeptide structural classes
(cis or trans amide) show good somatostatin-like activity, although those having
the cis-amide bond are more potent. Indeed, potency is quite sensitive to changes
in this portion of the molecule, as evidenced by the effect of variation of the

10a

10b

Fig. 1. Stereo view of two low energy structures for cyclo(Pro-Phe-p-Trp-Lys-Thr-Phe) which fit the
constraints of the NMR data in D,0. The upper ‘cup’-shaped structure (10a) appears to be stabilized
by more intra-molecular hydrogen bonds than the lower “flat’ structure (10b).
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hormone (in vitro)
23 0 H H H 9.0
24 1 H H H 1.7
25 H H H 17.0
26 i OH H H 1.5
27 1 H OH H 4.2
28 1 H H OH 14.3
29 1 H H OCH: 0.2
30 1 H H Cl 1.1

(Somatostatin = 1.0)
Fig. 2. Cyclic hexapeptide analogs of somatostatin having modifications in residues 6 and 7.

proline ring size from 4 to 6 atoms. The 4- and 6-membered rings (23 and
25) are both more potent than the 5 (24) (Fig. 2). At the same time, this change
in the proline does not appear to alter backbone conformation. Rather, the
altered potency has been attributed to changes in side-chain rotamer populations
in recent collaborative studies with M. Coodman and coworkers [12].

We have a good deal of iniormation regarding the receptor-bound, side-chain
rotamer population of Phe!!. Studies have shown that the phenyl group of Phe!!
in cyclo(N-Me-Ala-Phe-p-Trp-Lys-Thr-Phe), 15, can be moved to residue 6 to
give the equipotent, isomeric cyclo (N-Me-Phe-Phe-p-Trp-Lys-Thr-Ala), 31 [13].
NMR also showed that the Ala!' methyl group of compound 31 was shifted
upfield identically to that of the C-methyl group of the N-Me-Alaé of compound
15. Thus, a similar location of the phenyl ring is indicated for both isomers
in the solution conformation. Consistent with this positioning of the benzyl
side chain, it has proven possible to bridge the 6 and 11 side chains through

a disulfide in cyclo(Cys-Cys-Phe-p-Trp-Lys-Thr), 21, [14,15] without loss of

8
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activity. S. Brady and R. Freidinger designed this compound based on the
expectation that the 8-membered ring disulfide would force a cis-amide bond
for the peptide within the ring and simultaneously serve in place of the benzyl
side chain as a receptor binding element [16]. When NMR showed 21 to be
an equilibrating mixture of two conformers (about 55 :45), techniques available
at that time did not allow us to differentiate amide cis-trans isomerization from
the energetically similar disulfide isomerization ( +90° to -90°) [17]. To take
advantage of improved NMR methods taday, S. Brady resynthesized a sampie

of the more potent cyclo(Cms—Tyr-D-Trp—Lys-Val). 22, a bicyclic analog of
MK-678 (20). This compound gives a more sharply defined NMR spectrum than
does 21 for the mixture of isomers. In both cases the isomers are separable
by HPLC, but re-equilibrate by the time they are reinjected. Using the ROESY
technique, B. Arison was able to observe Overhauser effects between the two
a-protons of the cystine in both isomeric forms of 22. This indicates that both
isomers have a cis-amide bond and the isomerism must therefore relate to the
disulfide. Our observation contrasts to that of Sukumaran et al. on a monocyclic
disulfide [18]. They attributed isomerism, in that case, to amide bond rotamers
based on the ambiguous observation of an Overhauser effect in only one isomer
when using the NOESY technique.

Full analysis of the spectra of 22 in CD,0D/CD;OH by B. Arison has allowed
assignment of the N*-H to C*H coupling constants. The two isomers give
essentially identical coupling constant data at every residue, indicating little
difference in backbone conformation between the two forms (Table 2). In addition,
models of this peptide, prepared starting from the ‘flat” model (10b) of the
monocylic peptide (Fig. 2), were taken to a local energy minimum or saddle
point using CHARMm. The coupling constraints predicted from these two models
fit remarkably well to the observed data (Table 2). I conclude from these studies
that the disulfide-containing 8-membered ring is a useful constraint to produce
a cis-amide bond in peptides.

One of the most important binding contributions in somatostatin and analogs
arises froin the indole of Trp?. Studies have shown that the NH is not critical
to receptor binding [19]. Varied aromatic replacements for the indole show only
very low potency as indicated by the analogs of Fig. 3 synthesized by R. Nutt,
S. Brady, C. Colton and R. Strachan. Even the g-2-naphthylalanine derivative,
normally considered a close analog of Trp, but lacking an NH, shows only
1/10 the potency of the parent cyclic peptide for inhibition of growth hormone
release. How then is it possible that such a large change as inversion of
configuration at this same residue is tolerated without loss of potency? An
explanation is simultaneous rotational inversion (x;) of the indole ring on
inversion of the C® chiral center. This results in the presentation of a different
edge of the indole to the receptor for each diastereomer and explains the altered
structure-activity relationships seen for substitution on the indole in the 1 and
S positions in the two diasteriomers [19]. Thus 5-position substitution with a
bulky group lowered activity in p-Trp analogs but did not alter L-Trp analog
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GH in vitror*

* Somatostatin = 1.0

Fig. 3. Cyclic hexapeptide somatosiatin analogs modified at p-Trp8 by replacement with varied aromatic
groups.

potency. In contrast, 1-position substitution with a bulky group did not alter
p-Trp analog potency while the same group in the 1-position lowered the potency
of an L-Trp analog. Figure 4 graphically illustrates how the two isomeric forms
can superimpose with very similar presentation of receptor-binding elements.

An additional binding site, a hydrogen bond acceptor, was discovered on
somatostatin receptors through structure-activity studies at Phe’ of the cyclic
hexapeptides. Progressive increase in potency is seen as a hydroxyl is introduced
in the ortho, meta and para positions of this side chain (Fig. 2) in analogs
synthesized by R. Nutt and P. Curley. The severe reduction in potency on
replacement of the para hydroxyl with methoxy or chloro indicates a specific
hydrogen bond donor role for the aromatic hydroxyl in the para position. It
is this information coupled with the extensive conformation and structure-activity
data base that uitimately led to the synthesis of the very potent MK-678 (20)
by R. Nutt [20].

That little, if any, contribution to receptor binding derives from the peptide
backbone itself is seen in the successful application of retropeptide approaches
(21]. In the cyclic hexapeptide class, two modifications of the retro-enantiomer
concept were required in order to achieve high potency. To maintain the correct
position of the B-turn, R. Freidinger moved the N-methyl group to Phe!! in
the cycloretro-enantiomer leading to a compound (18) with about 1/10 the potency
of the parent (15) (Table 1). Further modification of the p-Lys-Trp B-turn by

10

. s
R NP2




Eighth Alan E. Pierce Award Lecture

Fig. 4. Superposition of models of cyclic hexapeptides 10 and 11 differing only in chirality ar Trp®.
The 1-Trp model was produced from mode! 10b by inversion of p-Trp a-carbon. a flip of the amide
unit between Trp® and Lys® through 180° and 50 cycles of enerey minimization using CHARMm 10
achieve a reasonable structure ar a local minimum or saddle point.

inversion of configuration at each center gave a retro-cvcloisomer. 19, with 1/3
the potency of the parent (compound 19) [22.23]. Strict application of the retro-
enantiomer concept to the bicvelic <eries (compound 9) by S, Varga gave the
previously unreported compound 17 which showed about 1/5 the potency of
9. tAdditional modification of the p-Lvs-Trp B-turn was not evaluated in this
NUJIO

It was the failure of compounds such as these retro-peptide structures to show
4Ny improvement in oral availability or durauon ot actuion that tinally convinced
me of the need for new approaches to the design of peptide receptor ligands.
t.c.. approaches totally divergent from peptide structure. The best success to
date in design of alternate peptide scaffolds is found in the work of Hirschmann
and coworkers wherein a sugar nucleus was utihzed to present the side chain
moteties of somatostatin [24].

We have continued to see over the vears that the constrained analog approach
can be applied to diverse peptide classes. Receptor binding groups are often
presented within an area compatible with non-peptide scaffolds. This has been
discussed in terms of a binding surface of 10 A - 15 A as seen in the cvclic
hexapeptide somatostatin analogs [25]. Studies with fibrinogen receptor antag-
onists {26] and oxytocin antagonists [27] have similarly placed kev binding
clements on a small cyclic peptide scaffold. Even the 28-residue peptide. atrial
natriurctic factor. may present its widely separated receptor binding elements
in this small surface area when folded in the bioactive conformation [28]. Renin
inhibitors containing the transition state analog ACHPA [29] can be simplified
and constrained to highly potent peptide mimetic structures [30]. Notwithstanding
the great strides in design reflected in these renin inhibitors, the best oral

11
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availability (-5%) achieved in our hands relies on the discovery that a quinu-
clidintum group can enhance the duration and availability of this compound
class [31].

Cholecystokinin is another peptide where the key binding elements can be
constrained in a cyclic hexapeptide [32]. In this case, antagonists derived from
a screening discovery have given us the orally active benzodiazepines specific
for CCK-A [33,34] and CCK-B [35,36] receptors. Such oral availability is a
property we have been unable to obtain by design. Indeed, these compounds
are so divergent from the peptide scaffold that specific connections are no longer
recognizable. It seems inappropriate to refer to them as peptide mimetic or
peptoid. I would like to propose the term ‘peptide limetic’ as a contraction
of ligand mimetic to describe such compounds. This term has the advantage
of being independent of agonist or antagonist properties, a feature especially
pertinent to benzodiazepines where members with substituents in the 2-position
simultaneously show anragonist CCK-A and agonist (x-opioid) activity [37]. More
recently the literature has been exploding with new examples of peptide limetics.
These include antagonists for substance P [38], vasopressin (V,) [39], angiotensin
IT [40], and endothelin [41]. These structures are so divergent from peptides
that they might be viewed as not being a component of peptide chemistry. I
feel that the dynamic growth of the field of peptide chemistry is a reflection
of our past willingness to incorporate such new aspects of chemical science into
our lexicon. Such novel molecules offer the most direct hope of broader
application of the groundwork laid in classic peptide studies. They are but another
stage in the growth of our field. I look forward with excitement to the promise
they imply.
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Introduction

Neuropeptide Y (NPY), a 36-amino acid peptide amide and member of the
pancreatic polypeptide hormone family [1], is an important regulatory peptide
in the central and peripheral nervous system [2]. Centrally, NPY stimulates food
intake and modulates LH secretion. In the periphery, neuropeptide Y is a potent
vasoconstrictor and presynaptic inhibitor of neurotransmission. We recently
developed a new type of high affinity analogs of NPY, which characteristically
contain a N-terminal segment linked to a C-terminal segment by w-amino alkanoic
acids [3,4]. The residues 33 to 36 (Arg33-GIn*-Arg¥-Tyr¥%-NH,) were shown
to be essential for binding of NPY to the receptor in rabbit kidney by testing
48 analogs of the discontinuous NPY derivative 1-4-Ahx-25-36 (Ahx = 6-amino-
hexanoic acid) [S]. Here we report on analogs containing unusual amino acids.
which were designed to approach the limit of tolerance in receptor binding.
Furthermore, the agonistic activity was investigated with respect to structure-
activity relationships.

Results and Discussion

In order to characterize the structural properties essential for binding of NPY
to its receptor in rabbit kidney, the amino acids of the C-terminal pentapeptide
were exchanged (Fig. 1). Tyr36 proved to be less critical. Amino acids with aromatic
side chains were tolerated with the exception of phenylglycine. Arg3} and Arg*
could only be replaced by homoarginine [3]. Neither analogs with the basic
residues ornithine or lysine, nor citrulline, homocitrulline or nitro-arginine were
recognized by the receptor. Replacing Gln3 by any amino acid so far investigated
(Pro, Glu, His), decreased receptor binding. Thr32 could be replaced by Gly,
Ala, Ser and allo-Thr with just marginal loss of affinity but pb-Thr was not
accepted. We suppose that the loss of a-helical content of this analog is responsible
for the reduced binding capacity. C-terminal analogs with up to six replacements
by L-alanine support and extend this hypothesis (data not shown). Analogs with
strong amphiphilic, a-helical domain in the C-terminal part increased receptor
binding [6] whereas the binding capacity was significantly reduced for analogs
with reduced amphiphilicity.
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Fig. 1. Recepior binding, given as -Ig (ICs, fmol]) of analogs of NPY 1-4-Ahx-25-36 on rabbit kidney
membrane.

Table |  Sequences, receptor binding and agonistic activity of NPY analogs

Sequence of the analog Recepror binding  Vas deferens Blood pressure
ICso [nmol] 1Csq [nmol} ED3 [nmol]

NPY

YPSKPDNPGEDAPAEDMARYYSALR-

HYINLITRQRY 0.5 19 0.1

Ac-25-36

Ac-RHYINLITRQRY 160 4400 >5004

1-4-Ahx-25-36

YPSK-Ahx-RHYINLITRQRY 29 180 83

Cyclo-1-4-Ahx-25-36 [Glu2-Lys%)
YESK-Ahx-RHYINKITRQRY 3.5 330 >5000
S ———

1-4-Ahx-25-36 [Gly’]
YPSK-Ahx-RHYINLGTRQRY 41 >10000 >5000

1-4-Ahx-25-36 [Tyr?!)
YPSK-Ahx-RHYINLYTRQRY 3.8 700 >500b

? Data from anesthetized pithed rats.
b Preliminary data from anesthetized intact rats.
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To investigate the importance of the N-terminal part and the interaction
between N- and C-terminal residues we synthesized cyclic analogs, linking both
segments by an amide bond. Cyclo-NPY 1-4-Ahx-25-36 [Glu2-Lys30] bound to
the receptor as tightly as the linear compound, and was able to inhibit the
electrically evoked contractions of rat vas deferens. However, increase in blood
pressure seemed to be strongly reduced (Table 1). We suggest that the close
contact between N- and C-terminal residues is necessary for presynaptic activity,
whereas increase in blood pressure is triggered by different structural features.
This was supported by data on the biological activity of NPY 1-4-Ahx-25-36
[Gly3!] and NPY 1-4-Ahx-25-36 [Tyr3!]. Both exhibited high binding capacity,
but only the Tyr3! analog seemed to be able to act in the vas deferens assay,
possibly because of its size and hydrophobic properties.
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Structural determinants for the design of superpotent
analogs of human calcitonin
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Introduction

Calcitonin (CT) is a 32-residue cyclic peptide hormone produced by the
parafollicular cells of the thyroid in mammals or by the ultimobranchial gland
in submammalian vertebrates. Isolation, characterization, synthesis, structure-
activity relationships, physiological actions and therapeutic applications of CTs
have been reviewed [1-6]. CT regulates calcium homeostasis by inhibiting the
action of osteoclasts, the cells involved in bone resorption, and by reducing
osteoclastic volume [7]. Its primary physiological role appears to be the
maintenance of skeletal integrity during periods of calcium stress such as growth,
pregnancy and lactation {8]. CT is also reported to produce receptor mediated
analgesia in the central nervous system [9]. The combination of hypocalcemic
and analgesic properties of CT make it an excellent agent for the treatment
of disorders associated with hypercalcemia. excessive bone resorption and bone
pain. Synthetic human (hCT), salmon (sCT) and a derivative of eel (Elcatonin®)
hormones are used clinically for the treatment of Paget’s disease, osteoporosis
and the hypercalcemia of malignancy. sCT. differing from hCT in 16 of the
32 amino acids, is reported to produce antibodies in a significant number of
patients [10] and other reports indicate that hCT is effective in treating patients
who have developed clinical resistance to sCT [11]. hCT, however, has a short
half life and low potency (150 to 200 IU/mg) compared to sCT (4000 IU/mg).
The present study was undertaken with the objective of preparing new high
potency molecules which closely resembie hCT and are, therefore, expected to
be less antigenic than sCT.

Table |  Structures and hypocalcemic potencies of hCT and sCT

Amino acid sequence® Potency’
1

hCT: CGNLSTCMLGTYTQDFNKFHTFPQTAIGVGAP-NH, 150 - 200 IU/mg

sCT: -S----- V--KLS-ELH-LQ-Y-R-NT-S - T --NH; 4000 IU/mg

* Hypocalcemic potencies were measured by their abilities to reduce serum calcium levels in immature
male rats by the MRC method [12}].
b In the sCT sequence. only the residues that are different than hCT are shown.
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Results and Discussion

Analogs of hCT reported in this study were prepared by the Merrifield solid
phase method on MBHA resin, purified to greater than 95% purity. Varying
doses of peptides dissolved in physiological saline containing 0.1% BSA were
administered subcutaneously to male rats (Sprague Dawley, average weight 100
to 150 grams, 3 to 5 animals each dose), fasted overnight. After 60 min, aortic
blood was withdrawn and the serum calcium was determined. A standard
preparation of hCT (MRC Standard 180 IU/mg) and sCT (4000 1U/mg) were
included in all bioassays for comparison. Structures and hypocalcemic potencies
of the synthetic analogs are listed in Table 2.

Table 2 Properties of hCT, hCT analogs and sCT

Compound Potency?

hCT 150 - 200 IU/mg
[Leus)-hCT 500 IU/mg
[Leu®!2)-hCT 2000 IU/mg
[Leus.1216)-hCT 2000 IU/mg
[Leu®}-hCT 200 1U/mg
(Leu®3}-hCT 2000 IU/mg
(Leu?8.2}-hCT 4000 1U/mg
[Leu03.1216)-hCT 4000 IU/mg

sCT 4000 [U/mg
* See Table 1.

Systematic substitutions of L-leucine at various positions of the hCT sequence
led to the discovery of [Leu?)-hCT. This compound in which the labile Met
is replaced by Leu, was noted to be 2 to 3 times more potent than hCT. The
potency of this molecule is enhanced significantly by an additional leucine
substitution at position 12. Thus, [Leud.12J-hCT has a potency of 2000 IU/mg.
However, [Leud.1216)-hCT also showed the same level of potency indicating that
modifications to the middle portion of the hormone may not enhance the activity
any further. Subsequently, a novel series of compounds were prepared by
introducing an additional aliphatic residue to the N-terminal of the molecule
in order to make the compounds less susceptible to aminopeptidase action. The
first analog in this series, [Leu?)-hCT, was observed to be equipotent with hCT.
However, combining 8 and 12 or 8, 12 and 16 position Leu modifications with
the addition of a Leu residue at position 0 of hCT resulted in compounds which
are equipotent with sCT. Studies of the course of the calcium lowering showed
that these superpotent hCT analogs were active for up to 6 h compared to
2 h for hCT under similar dosing conditions. [Leu8.12}-hCT, having only 3
amino acid substitutions in the native hCT sequence, is expected to be less
antigenic to humans than sCT which differs in 16 positions from hCT. Since
these compounds contain only L-amino acids it is possible to produce them
by recombinant DNA technology.

Enhanced potency and increased duration of action may make these hCT
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Enhanced potency and increased duration of action may make these hCT

analogs excellent second generation alternatives to sCT, eCT and hCT for treating
bone disorders and hypercalcemia.
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Implications of improved metabolic stability of peptides on
their performance in vivo: Resistance to DPP-1V-mediated
cleavage of GRF analogs greatly enhances their potency
in vivo

T.M. Kubiak. R.A. Martin, R.M. Hillman. C.R. Kelly, J.F. Caputo. G.R. Alaniz,
W.H. Claflin, D.L. Cleary and W. M. Moseley
The Upjohn Company. Kalamazoo. MI 49001, U.S. A.

Introduction

Dipeptidylpeptidase-IV (DPP-IV) rapidly degrades and inactivates GRF both
in vitro [1-3] and in vivo [1] via hydrolysis of the Ala2-Asp3 bond. DPP-IV
has been reported to remove N-terminal dipeptides X-Pro, X-Ala or X-Hyp
from N-terminally unsubstituted oligopeptides. A pharmacodynamic model.
based on [4], was developed to evaluate the ..lative importance of GRF
pharmacokinetics and peptide inherent potency with respect to growth hormone
(GH) release in vivo. Computer simulations revealed that the most efficient
way to increase the duration of drug action in vivo. without increasing its dose.
is to extend drug half-life, other factors remaining constant (data not shown).
Based on the prediction of this model. we replaced Ala® in [Leu’ ]bGRF(1-
29)NH, (parent peptide, 1) with Gly, Ser. or Thr (analogs 2, 3 and 4, respectively)
with the goal of converting GRF into a poor substrate for DPP-IV. thus improving
its metabolic stability. Additionally, a [Gly!5]—[Ala!*, modification was im-
plemented since such a replacement ¢ i increase GRF inherent potency [5].

Results and Discussion

All three position 2 modifications resulted in analogs more metabolically stable
than 1 in bovine plasma in vitro with either no cleavage (2), moderate (3) or
minimal cleavage (4) after the residue at position 2. Despite low inherent GH-
releasing potencies in bovine anterior pituitary cell cultures in vitro (2, 8.4%;
3, 24%: 4, 8.1%; vs. 1, 100%) all three position 2 modified analogs had GH-
rcleasing activity similar to bGRF(1-44)NH, (native hormone) and 1 (Fig. 1)
in an in vivo steer model {6]. The [Gly!S] — [Ala'!*] modification further increased
analog stability in bovine plasma in vitro as reflected by the analogs half-life
expressed in minutes: 1, 41; 2, 309; ' 3ly2 Ala's] (5), 377; 3, 260; [Ser?,Ala!3]
(6). 360: 4. 334: [Thr2 Ala!5} (7), 375; and [Ala!5] (8), 87. In a separate exneriment
with a purified porcine kidney DPP-IV preparation, the GRF fragment (3-29)
was generated from 3, 6 and to a lesser extent from 4 and 7. This finding extends
the DPP-IV specificity to include also X-Ser- and X-Thr-substrates. All three
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Fig. 1. Serum bGH levels after a single iv injection of GRF analogs (analog number in parentheses)
at 0.01 nmol/kg in the meal-fed steer model of Moseley et al. [6] Note that analogs 1. 2. 3. 4.
5. 6 and 8 were not stasistically different (p<0.05) from bGRF(1-44)NH; nor from each other while
7 was twice as active as b(GRF(1-44)NH ».

position 2 [Ala'3]-modified analogs were more active than their singly position
2-modified counterparts in pituitary cell cultures, however, their performance
was significantly below that of the native hormone (Fig. 2). [Thr2,Ala!5 Leu®’]
bGRF(1-29)NH; (7) was identified as a super-potent analog in vivo in steers
despite its relatively low inherent bioactivity. Although the [Ser?,Ala}’] analog
(6) displayed similar GH-releasing activity to 7 in vitro, 6 was less potent than
7 in vivo. It is feasible under in vivo conditions, where the overall tissue and
organ DPP-IV levels may be ca. 100-fold higher than the plasma concentrations
[8]. that the relatively slow cleavage of the Ser2-Asp? bond in 6 observed in
plasma in vitro could have been greatly amplified lowering metabolic stability
of this peptide in vivo. On the other hand, although both the [Gly?,Ala!’] analog
(5) and 2 were stabilized against DPP-IV, their in vivo performance was not
different from the native GRF and could reflect these analogs’ very low inherent
potency and efficacy in vitro. These data indicate that both inherent potency
and metabolic stability are important for peptide performance in vivo, however.
the examples shown in this study highlight a greater contribution coming from
improved metabolic stability which can override low inherent potency and result
in full or even enhanced analogs performance in vivo.
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Synthesis of a fast-acting insulin based on structural
homology with insulin-like growth factor I
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Introduction

Proinsulin and Insulin-like Growth Factor I (IGF-I) are members of a family
of regulatory hormones that are characterized by a high degree of sequence
homology. Insulin and IGF-I share certain biological functions and cross-react
to a variable degree with each other’s receptors. To examine the molecular basis
of the specific activities inherent to each hormone, insulin and IGF-I related
peptides were prepared by solid phase peptide synthesis. A specific analog of
insulin in which the naturally occurring B28, 29 amino acids Pro, Lys were
inverted to the IGF-I sequence of Lys, Pro was observed to be a fast-acting
insulin agonist.

Results and Discussion

The synthesis of human insulin and related peptides was achieved through
mixed disulfide formation of A- and B-chains prepared by automated solid phase
based methodology. The synthetic human insulin was purified by high perfor-
mance chromatography and its physical and biological properties shown to be
indistinguishable from a standard prepared by rDNA techniques. The chemical
preparation of the respective peptide chains employed conventional methods
for Boc/Bzl/PAM resin synthesis. Of general synthetic importance was the
diminished yield that was directly attributable to the multiple cysteine residues.
Previously, we had reported more than a two-fold reduction in A-chain yield
due to the four cysteines [1].

The source of this inefficiency was explored through preparation of a doubly
cysteine-substituted glutamic acid B-chain. The individual substitution of each
B-chain cysteine residue with glutamic acid was also completed. The presence
of each cysteine residue was found to independently and additively detract from
the quality of the B-chain synthesis, with minimal importance seemingly associated
with their specific location. The disubstituted analog of B-chain was obtained
at a total yield that exceeded the natural peptide by approximately 70%, while
each monosubstituted peptide was prepared at an equally elevated level of 30%.
These resuits indicate that the loss is unlikely to be a cumulative function of
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chain assembly. HF-treatment or acidolytic removal of the t-Boc protecting group
from the N-terminal cysteine are likely points for irreversible loss.

Heterodimeric IGF-I peptides were synthetically prepared by disulfide com-
bination of an IGF-I B-chain (beginning with Gly? and terminating with Thr30,
by insulin numbering) with either IGF-I A-chain or a single linear peptide
representing IGF-1 A- and B-chains. Each combination displayed an appreciable
formation of the inappropriately paired disulfide isomer of IGF-I that were
previously characterized as A6-B7, A7-All [2,3]. Special attention was directed
at high performance chromatographic removal of these weakly potent impurities.

Analysis of binding in human placenta lymphocytes revealed that sequential
removal of the IGF-I C and D chains increased the insulin receptor potency
relative to insulin from 1% to 15% [Table 1]. The results stand in apparent
contrast to the lower insulin receptor affinities of similarly structured IGF-I
peptides reported by Katsoyannis et al. [4]. The IGF-I receptor potency relative
to IGF-I decreased from 100% to 10% with removal of the C-peptide and remained
constant with further removal of the D-region. The IGF-I peptide equivalent
to insulin (B-A) represents a hybrid ligand that exhibited nearly equal binding
affinity to each receptor studied.

Table 1  Receptor binding affinity of insulin-like peptides

Peptide IGF-I Receptor [nsulin Receptor
IGF-1(BCAD) 0.58 nM (100%) 33.10 nM (0.9%)
B-AD 5.75 nM (10.1%) 5.00 oM (6.0%)
B-A 5.80 nM (10.0%) 2.05 oM (14.6%)
Insulin (b-a) 179 nM(0.35) 0.30 nM (100%)

An important difference that we determined for IGF-I and insulin is that
the latter self-associates with appreciable affinity. It is known from X-ray analysis
that the C-terminal regions of the B-chains align in an anti-parallel S-sheet [5].
The midpoint of this association is formed by PheB2S interaction with the same
regton of the second monomer. Insulin and IGF-I are highly homologous in
the C-terminal region of their B-chains. A notable change is that the invariant
ProB28 residue of insulin is inverted with LysB2. Deletion of the C-terminal
pentapeptide of insulin is known to yield a highly potent agonist [6]. Consequently,
it was reasoned that the invariant proline at B28 was critical to self-association
of insulin to hexamer for proper pancreatic islet processing and storage. The
LysB28, ProB® insulin analog was designed to be a weakly associating insulin
that might diffuse more quickly from subcutaneous injection to plasma circulation
[71.

The Lys-Pro insulin displayed extremely weak self-association as examined
by circular dichroism, ultracentrifugation, and gel permeation chromatography.
Individual substitution of B28 and B29 yielded insulin analogs with appreciably
stronger associating properties indicating that each change relative to IGF-I
is of importance. The further substitution of HisB!0 with Asp in the LysB2,
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Fig. 1. Lys82 ProB? vs. humulin R in normal volunteers. 10 units s.c. injection, mean (SEM), N=9.

ProB2 insulin was found to completely suppress any tendency to self-association.
Once again, the change is consistent with the naturally occurring acidic residue
that normally resides at this position in IGFs.

The LysB2, ProB® insulin proved to be a fully potent insulin agonist by in
vitro binding assessment relative to insulin in IM-9 lymphocytes, glucose transport
in isolated rat adipocytes and acute blood glucose lowering in normal rates.
This analog displayed a more rapid onset and disappearance of action in normal
dogs and human volunteers. The time action of LysB3®, ProB¥ insulin more
closely approximates the normal physiological response to a meal (Fig. 1). Clinical
studies are currently ongoing to assess the degree of improvement in diabetes
management that might be achievable through use of this fast-acting insulin
analog.
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Introduction

Insulin-like peptides represent an ancestral and highly conserved motif of
protein folding and as a class provide an important model for the study of
protein dynamics in macromolecular recognition. Insulin, the most highly
characterized member of this class, is composed of two polypeptide chains, the
A-chain (21 residues) and the B-chain (30 residues) linked by two disulfide bonds.
Both chains contribute to the molecular surface involved in recognition by the
insulin receptor [1] . Interest in structure-function relationships has recently been
stimulated by the application of protein engineering to insulin as a target for
rational drug design [2]. In this paper we describe isotope-aided 'H NMR studies
of a series of insulin analogs that exhibit altered self-association and pharma-
cokinetic properties [3,4]. The aim of these studies is to determine the structure
and dynamics of an engineered insulin monomer under physiological conditions.
By correlating structure with function, such studies may establish design rules
for modified insulins as a model for targeted peptide and protein modification
in molecular pharmacology.

Results and Discussion

Self-association of insulin in solution has precluded 2D NMR study under
physiological conditions. Such limitations may be circumvented by the use of
a monomeric analog that contains three amino acid substitutions on the protein
surface (HisB!0— Asp, ProB28 — Lys, and LysB?» — Pro); this analog (designated
DKP-insulin) retains native receptor-binding potency (Table 1). Comparative
'H NMR studies of native human insulin and a series of three related analogs
- (i) the singly substituted analog [HisB!¢ — Asp), (ii) the doubly substituted analog
[ProB2 — Lys: LysB? — Pro], and (iti) DKP-insulin - demonstrate progressive
reduction in concentration-dependent linebroadening (Fig. 1) in accordance with
the results of analytical ultracentrifugation (Table 1). Extensive nonlocal in-
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Table !  Relative receptor-binding affinities and oligomeric states of insulin analogs

Analog Potencv? Oligomeric state®
Native Human Insulin 1 4

[HisB!® — Asp] 2 2

{ProB2 — Lys; LysB2 — Pro) 1 1.8

[HisBi0 — Asp; Pro828 — Lys; Lys82 — Pro} 2 i

* Relative affinity for lectin-purified insulin receptor.
® Analytical ultracentrifugation done at the protein concentration and conditions of NMR study.

teractions are observed in the NOESY spectrum of DKP-insulin, indica‘ing that
this analog adopts a compact and stably folded structure as a monomer in overall
accord with crystal models (Fig. 2). Assignment has been obtained by the

o £
s
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Fig. 1. Aromatic and methyl regions of 500 Mhz i{H NMR spectra in 99.9896% D.O ar pH 8 and
37 C of (4) native human insulin, (B) HisB!0— Asp insulin, (C) [Pro8:4— Lys; Lys82— Pro] insulin,
and (D) DKP-insulin. Assignment of resonances a-u in panel D are given in {4] Arrows in panels
B and C indicate C,H resonance of HisBS, whose chemical shift is sensitive to dimerization; the His8*-
CH resonance in DKP-insulin is labeled a in panel D.
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Fig. 2. NOESY specirum of DKP-insulin exhibits numerous inter-residue effects: the mixing time
was 200 ms.

sequential method in conjunction with selective 2H, 1*C, and 'SN isotopic labeling
by semisynthesis [4]. The results are similar to the 2D NMR analysis of native
insulin recently published in 20% acetic acid [5] and extend the latter study
to physiological conditions.

Distance-geometry/simulated annealing (DG/SA) calculations demonstrate
that the overall insulin fold is maintained in a solution monomer (Fig. 3). However,
comparison of the experimental NOESY spectrum with predicted NOESY spectra
‘backcalculated’ from crystal models and from solution DG/SA structures
indicates that significantly fewer interresidue contacts are stably maintained in
solution than in static models. The resulting ensemble of DG/SA structures suggest
that the insulin monomer is flexible in solution, with variations observed in

A-Chain
(N)

- ~

(N)

824
B8-Chain

Fig. 3. Solution structure of insulin based on distance-geometry/simulated annealing reconstruction.

31




M.A. Weiss et al.

relative a-helical orientation. Thus, individual DG/SA structures differ from
the crystal state, but on average span the range of different (T-state [1]) crystal
forms [6]. Insulin flexibility is likely to play a critical role in the mechanism
of receptor binding and may be further investigated by comparative 2D NMR
studies of insulin analogs.
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